genetic susceptibility. This began with the identification of the CARD15/NOD2 susceptibility locus in Crohn's disease in 2001 5, 6 and progressed to the publication of genome-wide association studies in 2015-2017. 7, 8 To date, inflammatory bowel disease has been associated with more than 200 single nucleotide polymorphisms, some specific to Crohn's disease or ulcerative colitis and some common to both disorders. Twin studies have also been informative, with concordance rates in identical twins of 30-35% in Crohn's disease and 10-15% in ulcerative colitis. 9 Some of these genes such as CARD15 appear to be involved in hostmicrobe immune responses, while others such as ATG16LI, LRRK2, and IRGM play a role in intracellular degradation processes known as autophagy. Despite these impressive genetic studies, there is only limited information on the expression of these genes in terms of protein synthesis (proteomics) or end-point metabolites (metabolomics) or upon modification of gene function by changes in histones or DNA methylation (epigenetics).
Many investigators predicted that important clues to the pathogenesis of inflammatory bowel disease would lie in an analysis of the intestinal microbiota. This prediction is still attractive but has not yet been realized despite the advent of new technologies that identify and quantify gut microbiota by analyzing nucleic acids (DNA and RNA) extracted from feces or colonic biopsies. [10] [11] [12] One approach, although perhaps simplistic, anticipated that patients with inflammatory bowel disease would either have an excess of pro-inflammatory bacteria or a deficiency of anti-inflammatory bacteria. In clinical studies, patients with inflammatory bowel disease have consistently had a reduced number of bacterial species in feces (reduced bacterial diversity), but whether this feature is primary or secondary to inflammation or diarrhea remains unclear. 13 In general, reduction in diversity has been more prominent in Crohn's disease than ulcerative colitis. Another common feature of fecal microbiota in inflammatory bowel disease is a reduced number of bacteria in the phylum Firmicutes, and an increase in the phylum Proteobacteria. The term "dysbiosis" usually encompasses both reduced diversity and an imbalance within intestinal microbiota but currently lacks a strict definition. Overviews of the presence of specific bacterial species in the feces of patients with inflammatory bowel disease are available elsewhere, but thus far, no single organism, groups of organisms, or other components of the microbiota (fungi, archaea, or viruses) have been clearly associated with the inflammatory response. [14] [15] [16] [17] On the other hand, there is some evidence that modification of the microbiota is beneficial in at least some affected groups. Examples include induction of remission with longer-term use of antibiotics in Crohn's disease 18 and induction of remission using fecal transplantation in some patients with ulcerative colitis. 19, 20 The high incidence of inflammatory bowel disease in industrialized countries has raised the strong possibility of important environmental factors linked to lifestyle and living conditions. [21] [22] [23] Whether these exposures are more important in childhood than in adults remains unclear. In childhood, there are minor protective effects with breast feeding; acquisition of Helicobacter pylori; and markers of exposure to greater numbers of microorganisms such as rural living, number of siblings, and access to hot water and animals. The latter factors constitute the "hygiene hypothesis," although the association is not restricted to inflammatory bowel disease. Antibiotic use in childhood appears to increase the risk of Crohn's disease, particularly when used in the first year of life. In adults, smoking increases the risk of Crohn's disease by 1.7-fold but decreases the risk of ulcerative colitis by a similar amount. Minor increases in risk have also been associated with oral contraceptives, non-steroidal antiinflammatory drugs, and low levels of vitamin D. An episode of bacterial gastroenteritis also appears to increase risk but only for 1 year after the infection, while appendectomy before the age of 20 years decreases the risk of ulcerative colitis. Although important changes in diet have occurred over the past 100 years, contemporary studies comparing diets in recently diagnosed individuals and control subjects has only demonstrated minor changes of uncertain significance. Most of these environmental associations have been linked to effects on either the intestinal microbiota or immune responses.
The importance of immunological factors is supported by the effectiveness of various immunosuppressive agents in the treatment of inflammatory bowel disease. However, dissection of immunological responses is confounded by issues such as changes in epithelial barrier function, effects on mucosal immunity from changes in intestinal microbiota, and the sheer complexity of the mucosal and systemic immune systems. Potential pathogenic responses include loss of tolerance to intestinal microbiota, impaired tolerance to new microbiota, an overactive mucosal immune system, and the failure of mucosal defense mechanisms to suppress the inflammatory stimulus. All of these pathogenic mechanisms involve the innate and adaptive immune systems with the inclusion of multiple immune cells, immunoglobulins, cytokines, and a variety of other pro-inflammatory pathways. 4, 24, 25 Areas of contemporary interest include the impact of gut microbiota on tolerance induced by subtypes of regulatory T cells 26 and the effect of recently discovered proteins, such as the immune sensor NLRP1 that may play a role in the maintenance of "good," butyrate-producing bacteria. 27 Although the above hypothesis is persuasive, there is always the possibility that alternative hypotheses will prove to be correct. One area of interest is the effect of food additives such as saccharin on the epithelial barrier and gut microbiota. 28 Another is the possibility that a currently unrecognized pathogen might be linked to the pathogenesis of inflammatory bowel disease, particularly Crohn's disease. In 1913, Dalziel reported several cases of Crohn's-like enteritis in humans and noted similarities with Johne's disease in cattle, 29 a disease now known to be caused by the Mycobacterium avium subspecies paratuberculosis. Although this issue has been debated for decades, it now seems most unlikely that a mycobacterium is responsible for Crohn's disease, particularly in view of the failure of antimycobacterial therapy. 30 Other potential pathogens include a species of Escherichia coli called adherent-invasive E. coli, Listeria monocytogenes, Mycoplasma fermentans, and others. 28, 31 In contrast, there is little evidence of infectious agents in the pathogenesis of ulcerative colitis. In this issue of JGH Open, Roediger highlights a paper published in 1943 that described an ulcerative colitis-like disease in pigs with pantothenic acid deficiency. Although pantothenic acid deficiency does not occur in humans, the disease in pigs appears to be due to low levels of coenzyme A, an intracellular molecule essential for the oxidation of butyrate and glucose. Low levels of coenzyme A and impaired oxidation of butyrate have also been shown in ulcerative colitis. In the Roediger hypothesis, low levels of coenzyme A in colonic epithelial cells are attributed to toxicity associated with the combined effect of luminal hydrogen sulfide and nitric oxide. By extension, there may be a benefit in diets that limit the sources of sulfur (e.g. meat, eggs, cheese, and whole milk) and nitrogen (vegetables, especially those grown with fertilizer) and perhaps diets that reduce the activity of sulfate-reducing bacteria. A dietary study based on this hypothesis is currently underway in Australia. We do need some lateral thinking in the area of inflammatory bowel disease, but whether the above hypothesis results in a revolution as occurred with H. pylori and peptic ulceration remains unclear.
Ian C Roberts-Thomson,* Robert V Bryant* 
